Pi acquisition of crops via arbuscular mycorrhizal (AM) symbiosis is becoming increasingly important due to limited highgrade rock Pi reserves and a demand for environmentally sustainable agriculture. Here, we show that 70% of the overall Pi acquired by rice (Oryza sativa) is delivered via the symbiotic route. To better understand this pathway, we combined genetic, molecular, and physiological approaches to determine the specific functions of two symbiosis-specific members of the PHOSPHATE TRANSPORTER1 (PHT1) gene family from rice, ORYsa;PHT1;11 (PT11) and ORYsa;PHT1;13 (PT13). The PT11 lineage of proteins from mono-and dicotyledons is most closely related to homologs from the ancient moss, indicating an early evolutionary origin. By contrast, PT13 arose in the Poaceae, suggesting that grasses acquired a particular strategy for the acquisition of symbiotic Pi. Surprisingly, mutations in either PT11 or PT13 affected the development of the symbiosis, demonstrating that both genes are important for AM symbiosis. For symbiotic Pi uptake, however, only PT11 is necessary and sufficient. Consequently, our results demonstrate that mycorrhizal rice depends on the AM symbiosis to satisfy its Pi demands, which is mediated by a single functional Pi transporter, PT11.
INTRODUCTION
Rice (Oryza sativa) is the primary staple food for more than 50% of the human population and, thus, central for future food security. The constantly growing demand for intensifying rice productivity has to match environmental concerns for the sustainability of agriculture in rice growing areas. Conventional farming methods involve the application of fertilizers to compensate for limiting nutrients, such as Pi. Fertilizer application occurs in more than half of the soils used for rice cultivation but can cause undesired environmental pollution when applied in excess (Lumini et al., 2011, and citations therein; MacDonald et al., 2011) . On the other hand, rice enters into symbiosis with arbuscular mycorrhizal (AM) fungi of the Glomeromycota, which significantly improve plant Pi nutrition, in particular under aerobic, low-soil Pi conditions, characteristic of upland rice systems where colonization by AM fungi can lead to enhanced biomass production (Sharma et al., 1988; Solaiman and Hirata, 1997; Maiti et al., 2011, and citations therein) . When in association with plant roots, AM fungi proliferate extensively within the rhizosphere, thereby significantly enlarging the soil volume for plant nutrient foraging (Bolan, 1991) . The fungal intra-and extraradical mycelium functions as a conduit for Pi acquisition from the soil toward the inner root cortex. Upon root invasion, the fungus invaginates inner cortex cells, where it develops highly branched tree-like structures, the arbuscules. Arbuscules are enveloped by the plant plasma membrane, creating an extensive interface between the membranes of both organisms that is ideally adapted to signal and nutrient exchange. Pi is taken up from the soil by fungal hyphae and translocated to the arbuscules, where an unknown mechanism is employed to release Pi into the periarbuscular interface, making it available for uptake by the arbusculated plant cells (recently reviewed in Javot et al., 2007b; Yang and Paszkowski, 2011) .
More than 80% of the land plants, including all cereals, enter into AM symbioses and hence may derive a certain amount of Pi via the mycorrhizal uptake pathway. This symbiotic acquisition route most likely has operated ever since the beginning of terrestrial plant life. A comparison of arbuscules from fossil records of rhizomes of early land plants with those from roots of contemporary plants revealed a high degree of morphological resemblance (Remy et al., 1994) . Therefore, the symbiotic interaction might be regarded as an evolutionarily ancient and likely ancestral Pi acquisition strategy for plant life on land.
Pi uptake across plant and fungal plasma membranes is mediated by Pi transporters belonging to the PHOSPHATE TRANSPORTER1 (PHT1) class (Poirier and Bucher, 2002 ) of the plant Pi:H + symporters of the major facilitator superfamily (Pao et al., 1998) . These Pi transporters are membrane intrinsic proteins of comparable size and of high sequence and structure similarity, containing 12 transmembrane (TM) domains that are organized as two groups of six TM domains separated by a hydrophilic loop between TM6 and TM7. Over the past 15 years, numerous plant PHT1 proteins have been isolated, and transport assays in heterologous yeast or Xenopus laevis oocyte systems have confirmed transport activity with high to low affinity for Pi (reviewed in Javot et al., 2007b) . Plant PHT1 proteins that exhibit exclusive or induced expression in arbusculated cells have been identified from diverse plant species (recently reviewed in Javot et al., 2007b; Yang and Paszkowski, 2011) . Of these, the rice ORYsa;PHT1;11 (PT11) represents the first AMspecific Pi transporter isolated from plants (Paszkowski et al., 2002) , and homologous proteins are present across diverse angiosperms hosting AM fungi (Javot et al., 2007b) . Importantly, the PT11 homolog of Medicago truncatula (MEDtr;PHT1;4 [PT4]) was shown to localize at the periarbuscular membrane (Harrison et al., 2002) and to be required for AM symbiosis (Javot et al., 2007) ; its mutation impaired both development of the interaction and symbiotic Pi uptake. By contrast, mutation of the tomato (Solanum lycopersicum) homolog of PT11 (SOLly;PHT1;4) neither affected mycorrhizal Pi uptake nor establishment of the symbiosis, which was attributed to genetic redundancy, since in tomato, AM symbiosis triggers the expression of three PHT1 genes (Nagy et al., 2005) . Thus, some plants may employ supplementary Pi transporters in addition to the conserved PT11-like protein; however, their respective contribution to the signaling of symbiotic development and Pi uptake remains to be determined.
In addition to the symbiotic Pi uptake, plants can also employ a direct Pi acquisition pathway. PHT1 proteins that are phylogenetically distant from the AM-associated Pi transporters mediate Pi uptake from the soil in the root periphery and, when disrupted, cause Pi deficiency of the plant (Misson et al., 2004; Shin et al., 2004; Ai et al., 2009; Jia et al., 2011; Sun et al., 2012) . Although it could be assumed that both pathways act synergistically to maximize Pi uptake, physiological studies in flax (Linum usitatissimum), tomato, and M. truncatula have demonstrated that for these dicotyledons the mycorrhizal dominates the direct uptake pathway (Smith et al., , 2004 . It remains an open question whether a similar dominance of the symbiotic Pi uptake route occurs in monocotyledons. The functional characterization of the interplay between direct and symbiotic Pi uptake, particularly under field conditions, mirroring agricultural practices, would be most valuable and relevant for monocot crops, such as cereals.
The rice genome contains 13 genes coding for PHT1 proteins (Goff et al., 2002; Paszkowski et al., 2002) . Of these, ORYsa; PHT1;1 (PT1), PT2, PT6, and PT8 have been implicated in direct Pi uptake (Ai et al., 2009; Jia et al., 2011; Sun et al., 2012) . Whereas PT2 and PT6 are transcriptionally induced in roots in response to Pi deficiency, PT1 and PT8 are constitutively expressed. It was recently shown that PT6 and PT8 represent high affinity Pi transporters with predominant expression in the rhizodermis and cortex, while PT2 is a low-affinity transporter with expression in the root vasculature. Knockdown of the Pi starvationinducible genes PT2 or PT6 via RNA interference (RNAi) results in reduced Pi uptake (Ai et al., 2009) , consistent with a function in the direct Pi uptake pathway under low Pi conditions. PT11 represents the only AM-specific Pi transporter reported from monocotyledons for which expression specific for arbusculated cells and protein localization to the periarbuscular membrane has been reported (Paszkowski et al., 2002; Gutjahr et al., 2008; Kobae and Hata, 2010) . In rice, a second AMinducible PHT1 gene, PT13, was identified that might encode another Pi transporter participating in symbiotic Pi uptake (Güimil et al., 2005) , but its role in AM symbiosis is unknown.
Here, we functionally dissect symbiotic Pi acquisition in rice. Surprisingly, we did not find functional redundancy between PT11 and PT13. Instead, both PT11 and PT13 play a central role during the development of AM symbioses, suggesting distinct functions for each PHT1 protein. We show that PT11 is the only transporter involved in symbiotic Pi absorption in rice under the conditions tested. Importantly, we found that mycorrhizal rice receives more than 70% of its Pi via the symbiotic uptake pathway, and, according to our molecular analysis, this is also the case in field soils.
RESULTS

Identification of the PT13 Open Reading Frame
Since the coding region of only rice PT11 was available at the beginning of this investigation (Paszkowski et al., 2002) , we cloned the cDNA of PT13 from roots colonized by AM fungi. PT13 contains three exons and two introns ( Figure 1A ) and encodes a protein of 528 amino acids that corresponds to the predicted gene structure of Os04g10800.1 (http://orygenesdb. cirad.fr/cgi-bin/gbrowse/odb_japonica). In accordance with the topology of other members of the PHT1 family of Pi transporters, PT13 is predicted to contain 12 TM domains, separated by a large hydrophilic loop between TM6 and TM7, and a cytosolic N and C terminus ( Figure 1B) . The two PHT1 genes, PT11 and PT13, are located on rice chromosomes 1 and 4, respectively, and share 52% amino acid sequence identity.
PT13 Is Conserved across Monocotyledons
To examine the similarity of PT13 relative to other members of the PHT1 class of Pi transporters, a phylogenetic analysis that included individually characterized Pi transporters and sequences from published plant genomes was performed (see Supplemental Data Set 1 online). Both Bayesian inference and maximum likelihood analyses resulted in identical topologies, and only the maximum likelihood analysis will be discussed here. The first reported AM-associated Pi transporter from potato (Solanum tuberosum), St-PT3, is conserved across Solanaceae and Fabaceae plants species and groups together with PHT proteins from dicots involved in direct Pi uptake and translocation throughout the 2 of 16
The Plant Cell plant ( Figure 1C , lineage E; Rausch et al., 2001; Javot et al., 2007b) . Rice PT11, however, groups with other AM-associated PHT1 proteins from mono-and dicotyledonous plant species ( Figure 1C , lineage B; Javot et al., 2007b) . Sequence similarity between PT11 and its lineage members from monocots (>81%) and dicots (>71%) is high, and they are grouped into a single highly supported lineage, which indicates that these proteins may perform related functions. The poplar (Populus spp) POPtr; PHT1;10 (PT10) and POPtr;PHT1;8 (PT8) proteins also group phylogenetically with the PT11 branch, but whereas poplar PT10 displays a PT11-like expression pattern, transcription of poplar PT8 has not been detected under the conditions so far assayed (A) The PT13 gene corresponds to Loc_Os04g10800 and consists of three exons (black boxes).
(B) The encoded membrane intrinsic protein comprises 528 amino acids and 12 TM domains (gray boxes).
(C) Phylogenetic tree of the PHT1 proteins built with the JTT+G model of evolution using PhyML. Branches with bootstrap support higher than 85% are shown in black, while branches with bootstrap support lower than 85% are in gray. PT11 and PT13 are in red. The AM-inducible Pi transporters from dicots that group with regular Pi transporters are displayed in bold letters and are marked by an asterisk. The published maize genes are labeled with the locus identifier and the published name. Phylogenetic lineages are colored and marked A to E for visual emphasis.
Symbiotic Pi Uptake in Rice 3 of 16 (Loth-Pereda et al., 2011) , suggesting PT8 is a pseudogene. Consistently, the predicted PT8 protein clusters at a distance to the expressed proteins within the PT11 lineage ( Figure 1C , lineage B). We determined computationally that the genomes of the ancient plants Physcomitrella patens and Selaginella moellendorffii contain six and seven PHT1 genes, respectively. Interestingly, the PT11-lineage is closely related to the homologs from P. patens and S. moellendorffii, supporting its older evolutionary relationship ( Figure 1C , lineage A). On the contrary, no ortholog for rice PT13 has been reported from dicot plants. However, the PT13 protein is conserved across monocotyledons ( Figure 1C , lineage C). Computational analyses identified 12, 13, and 14 PHT1 genes in the genomes of sorghum (Sorghum bicolor), Brachypodium distachyon, and maize (Zea mays), respectively. While rice has only one copy of PT13, the maize genome harbors five, B. distachyon three, and S. bicolor two paralogs, indicative of recent gene duplication events. Among these, Bradi5g02760 (BRAdi;PHT1;12) and Bradi5g02770 (BRAdi;PHT1;13) group with the rice PT13 homologs, and transcription of both corresponding genes has been detected in mycorrhizal roots of B. distachyon plants (Hong et al., 2012) . Another type of PHT1 gene expressed in mycorrhizal roots has been reported from barley (Hordeum vulgare), wheat (Triticum aestivum), and B. distachyon (Glassop et al., 2005; Hong et al., 2012) that is missing from the rice genome but present as a singlecopy gene in the genomes of sorghum and maize ( Figure 1C , lineage D). It therefore arose in a subset of the Poaceae lineages, namely, the Panicoideae (maize and sorghum) and Pooideae (B. distachyon, wheat, and barley). The absence of a corresponding gene from the rice genome is surprising but might reflect the general lack of this protein across members of the Ehrhartoideae subfamily. Rice is therefore distinct among the monocotyledons, possessing only two phylogenetically distant AM-associated PHT proteins.
Temporal and Spatial Expression Patterns of PT13 Are Similar to Those of PT11
To characterize the expression of PT13 in response to progressing colonization by AM fungi and relative to the arbuscule-specific PT11 (Gutjahr et al., 2008) , rice roots were inoculated with Glomus intraradices, which forms highly branched intracellular arbuscules ( Figure 2A ). Colonization levels and gene expression were measured in a time-course experiment from 4 to 8 weeks postinoculation (wpi). Total root length colonization and arbuscule development by G. intraradices increased over time ( Figure 2B ). Mirroring the continuous increase in arbuscule number, PT11 transcript levels were low at 4 wpi and enhanced dramatically at 8 wpi ( Figure 2C ). Interestingly, the kinetics of PT13 transcript accumulation, although showing overall considerably lower values, reflected that of PT11 ( Figure 2C ). Neither PT11 nor PT13 transcripts were detected in mock-inoculated plants. The lack of PT13 transcript in control roots contradicts our previous, Affymetrix GeneChip-based observation of constitutive root expression (Güimil et al., 2005) , which was likely due to cross-hybridization of a subset of probes by mRNA from other root-expressed PHT1 genes. The robustness of gene induction of PT13 during the interaction of rice with other AM fungi was addressed. Gigaspora rosea belongs to the order of the Diversisporales and is only distantly related to G. intraradices of the Glomales (Schüssler et al., 2001 ). In rice, G. rosea forms not only arbuscules but also intracellular hyphal coils ( Figure 2D ; Gutjahr et al., 2008) . Rice and G. rosea were cocultivated for 10 weeks to ensure extensive root colonization, including arbuscules and a smaller proportion of hyphal coils ( Figure 2E ). Both PHT1 genes were induced in colonized roots, with PT11 displaying high and PT13 low but significant mRNA accumulation ( Figure 2F ). In summary, the expression profile of PT13 was found to match PT11, consistent with a possible role in symbiotic Pi acquisition.
To spatially map the expression pattern of PT13 relative to fungal infection structures and to PT11, transgenic rice roots expressing 2-kb PT11 or PT13 promoter-GUS (for b-glucuronidase) fusions and inoculated with G. intraradices were analyzed. Root cross sections of the reporter lines revealed that whereas empty vector control plants did not show any blue coloration despite visible arbuscules ( Figure 3A ), a strong blue staining indicative of GUS activity occurred in arbusculated cortical cells of roots expressing the PT11 promoter-GUS construct ( Figure 3B ). A much fainter blue signal was also observed in arbusculated cells of PT13 promoter-GUS lines ( Figure 3C ). The arbuscule-specific expression of both promoters provides further support for the involvement of PT11 and PT13 in symbiotic Pi uptake.
Generation and Characterization of PT11 and PT13 Mutant Alleles
Single and double mutant lines of PT11 and PT13 were sought to demonstrate the functional relevance of each protein for the symbiosis and to investigate possible genetic redundancy between both proteins as well as to determine the respective contribution of each protein to symbiotic Pi uptake. In the publicly available collections of rice mutants, a Tos17 retrotransposon insertion residing within the promoter region of PT11 was identified (see Supplemental Figure 1A online; Miyao et al., 2003) . For PT13, a dSpm element (Kumar et al., 2005) was identified inserted into the first exon of the gene (see Supplemental Figure  1A online). Mutant lines of PT11 and PT13 were designated pt11-1 and pt13-1, respectively. Since only one mutant allele of each AM-specific PHT1 gene was available, additional alleles were created via RNAi and named pt11R1 and pt13R1, respectively. Double RNAi lines, 11/13R1 and 11/13R2, were generated to address functional redundancy or additive effects and the impact of each expression perturbation on transcript levels. Because PT11 and PT13 are not expressed in nonmycorrhizal roots, wild-type and homozygous mutant plants were inoculated with G. intraradices. Relative to the wild type, all single and double mutant lines exhibited significantly reduced transcript levels (see Supplemental Figures 1B to 1D online).
PT11 and PT13 Are Necessary for AM Development in Rice
To examine the consequences of mutation of PT11, PT13, or both on the establishment of AM symbiosis, root colonization by G. intraradices was monitored in plants carrying wild-type and mutant alleles. Relative to the controls, pt11-1 and pt11R1 mutant roots showed a dramatically reduced level of arbuscule formation 4 of 16
The Plant Cell and overall fungal colonization (Figures 4A and 4B) . Interestingly, fungal proliferation and arbuscule formation were significantly reduced also in mutant roots of pt13-1 and pt13R1 plants (Figures 4A and 4B) . Hence, despite the low level of gene induction, PT13 is indispensable for normal development of the AM symbiosis in rice.
The two double RNAi lines, 11/13R1 and 11/13R2, also showed low levels of total colonization and of arbuscule development (Figures 4A and 4B) , reaching levels somewhat intermediate to the PT11 and PT13 mutant lines, in line with the comparably low levels of endogenous PT11 and PT13 transcripts relative to the In summary, PT11 and PT13 are not functionally redundant, and no additive effect was observed when both genes were mutated. Gene specificity of the RNAi triggers was confirmed by monitoring the respective nontarget PT gene. The absence of PT11 silencing in the PT13 mutant was documented by high PT11 mRNA levels (see Supplemental Figure 2A online). Interestingly, the PT11 mRNA levels in the PT13 mutant remained as high as in the wild type, despite the reduced arbuscule frequency, suggesting a compensatory effect may occur. Transcript levels of PT13 in PT11 mutant lines were reduced relative to the wild type (see Supplemental Figure 2B online); however, this correlated, with the overall decreased fungal colonization (Figures 4A and 4B) and was further demonstrated by the lower expression of the G. intraradices internal transcribed spacer1 (Gi-ITS1; see Supplemental Figure 2C online). In conclusion, no off-target silencing was observed, neither for PT11 nor for PT13 RNAi triggers.
To investigate the requirement of functional PT11 and PT13 for symbiosis with other AM fungi, colonization levels of G. rosea were investigated in wild-type, PT11, and PT13 mutant roots. Relative to wild-type controls, a significant reduction in arbuscules and total colonization levels was found in both mutant genotypes (see Supplemental Figure 3 online), consistent with a central role of PT11 and PT13 in the establishment of symbiosis with diverse AM fungi.
Mutation of PT11 and PT13 Function Affects Arbuscule Morphology
The impact of PT11 and PT13 mutation on the morphology of intraradical fungal structures was examined. In the insertion and RNAi mutants, hyphopodia and intercellularly growing hyphae appeared comparable to the wild type. However, smaller and less intensely branched arbuscules were observed ( Figure 5A ). To precisely determine the distribution of arbuscule size classes in control and mutant lines, the cross section area of arbuscule populations was measured and size categories were established. The majority of arbuscules in wild-type and empty vector control roots displayed an area of 475 to 725 mm 2 , while arbuscules in pt11-1 and pt11R1 were significantly smaller at 225 to 475 mm 2 and 100 to 250 mm 2 , respectively ( Figure 5B ). The transgenic pt11R1 line exhibited a more severe arbuscule phenotype than pt11-1, consistent with the earlier observed lower frequency in arbuscule formation and total root colonization ( Figures 4A and 4B ), which might be attributed to the lower PT11 mRNA levels in the RNAi relative to the insertion allele (see Supplemental Figures 1B and 1C online) . The size distribution was wider in the PT13 and double RNAi lines, with the majority of arbuscules belonging to the class of 224 to 475 mm 2 . No additive decrease in arbuscule surface area was observed for the double RNAi lines.
Septate hyphae were observed in a subset of fully developed wild-type and in small mutant arbuscules ( Figure 5A ), indicating arbuscule collapse and death (Javot et al., 2007) . However, in contrast with previous observations made in M. truncatula PT4 mutants (Javot et al., 2007) , vital staining of colonized control and mutant roots revealed the presence of live arbuscules in PT11 and PT13 mutants ( Figure 6 ). Although secondary cell wall staining with WGA Alexa 488 proved technically challenging, the vital stain permitted the recapitulation of the typical morphology of reduced intracellular arbuscule expansion within roots of both PT11 and PT13 mutants. In conclusion, mutation of PT11 and/or PT13 not only quantitatively affected intraradical fungal development, but also qualitatively led to altered arbuscule morphology and growth of arbuscules.
The Symbiotic Pi Uptake Pathway Represents the Primary Route of Mycorrhizal Rice and Requires Functional PT11 but Not PT13
To quantify the contribution of PT11 and PT13 to symbiotic Pi uptake, P uptake measurements were performed (Smith et al., 2004) . P concentration was determined in root and shoot tissue Level of G. intraradices arbuscules (A) and total colonization (B) at 8 wpi in control, insertion, and RNAi mutant alleles as indicated. Box plot shows from three to seven biological replicates of each genotype and was generated using the Origin 7 software. The top of the box is the 75th percentile. The bottom of the box is the 25th percentile. The horizontal line intersecting the box is the median value of the group. Horizontal lines above and below the box represent maximum and minimum values. Boxes with dissimilar letters are significantly different at P < 0.01 after one-way analysis of variance (ANOVA) (paired-sample t tests were performed with Bonferroni adjustment). WT, the wild type.
of 16
The Plant Cell of PT11 and PT13 mutant lines when grown under low Pi supply in the presence or absence of G. intraradices. The P concentration in root and shoot tissue of mock-inoculated plants was similar in all genotypes, indicating that loss of PT11 or PT13 function had no effect on Pi nutrition in the absence of symbiosis ( Figure 7A ). However, in the presence of G. intraradices, control plants showed an enhanced P concentration in roots and shoots, associated with an established AM symbiosis ( Figure 7A ). By contrast, such an increased amount of tissue P was not observed in roots or shoots of both PT11 mutant lines, suggesting that PT11 is essential for the elevated P concentration of mycorrhizal plants. By contrast, the two PT13 mutant plants consistently displayed an 
The Plant Cell elevated P tissue concentration in colonized plants that reached comparable values to wild-type controls ( Figure 7A ). To quantify the amount of Pi taken up via the symbiotic pathway, the fungal transfer of 33 P from the soil to the plant was measured. For this purpose, radioactive 33 P was provided to the fungus in a hyphal compartment (Smith et al., , 2004 . The amount of radioactivity in roots and shoots of the two control plants and both PT13 mutants was significantly higher in G. intraradices-inoculated than in the corresponding mock-inoculated control plants. By contrast, 33 P uptake in the two PT11 mutant lines ( Figure 7B ) was almost completely impaired in inoculated plants. The block in symbiotic Pi transfer was confirmed by staining for polyP granules that had accumulated in intraradical fungal vesicles within the PT11 mutant but not in wild-type or PT13 mutant lines (see Supplemental Figure 4 online).
Next, the contribution of the symbiotic Pi acquisition pathway to overall Pi uptake and the percentage of P transferred via the mycorrhizal pathway were determined. In wild-type, vector control, pt13-1, and pt13R1 plants, between 67% 6 9% and 77% 6 7% of P was taken up via the mycorrhizal pathway, demonstrating that the majority of the Pi of mycorrhizal rice had been symbiotically acquired ( Figure 7C ). By contrast, in pt11-1 and pt11R1, only between 2.2% 6 0.5% and 5.1% 6 2.3% of P was derived from AM fungi ( Figure 7C ). The double PT11/PT13 RNAi line phenocopied PT11 mutants throughout the P transfer experiment (see Supplemental Figure 5 online), further supporting the importance of PT11 and the insignificance of PT13 for symbiotic Pi uptake. In summary, these results demonstrated that PT11 but not PT13 is required for symbiotic Pi uptake, which is the primary route for obtaining Pi from aerobic soil in rice.
To molecularly examine the activity of the direct and symbiotic Pi uptake pathway across the single and double mutants of PT11 and PT13, we used PT11 for the symbiotic pathway and the marker genes PT2 and PT6, which both play a role in direct Pi acquisition and are Pi starvation inducible (Ai et al., 2009 ). Transcript levels of PT2 and PT6 were downregulated in the wild type, empty vector control, and PT13 mutant roots ( Figure 8A ) that had efficiently accumulated higher P tissue levels during symbiosis ( Figure 7A ) and strongly expressed PT11 ( Figure 8A ). By contrast, in G. intraradices-inoculated mutant roots of PT11, which maintained low levels of tissue P, no reduction of PT2 and PT6 mRNA was observed, consistent with the continuous functioning of the direct uptake pathway ( Figure 8A ). Furthermore, to molecularly monitor possible Pi starvation of mutant and wildtype plants in the presence or absence of symbiosis, the different mutant genotypes were examined for the expression of well-established Pi starvation response marker genes, namely IPS1 and one of the rice miR399 precursors, miR399j (Wasaki et al., 2003; Hou et al., 2005; Bari et al., 2006; Wang et al., 2009; Hu et al., 2011) . Similar to PT2 and PT6, the expression of both marker genes was reduced in mycorrhizal wild-type and PT13 mutant plants ( Figure 8B ), thereby demonstrating that the functional establishment of the AM symbiosis ameliorated the Pi status of control and PT13 mutant plants, but not of PT11 mutant genotypes.
According to our earlier work, PT11 encodes a functional Pi transporter (Paszkowski et al., 2002) . To verify transporter activity of PT13, the yeast Pi uptake mutant pam2, which lacks the high-affinity, proton-coupled phosphate transporter PHO84 and the high-affinity, sodium-coupled transporter PHO89 (Martinez and Persson, 1998) , was transformed with the rice PT13 gene under the control of the constitutive yeast plasma membrane ATPase (PMA1) promoter. Whereas the ectopic expression of the yeast PHO84 gene resulted in significant Pi uptake, no transport activity was measured for yeast strains expressing the (A) and (B) Tissue concentration of P (A) and 33 P (B) in the roots and shoots of G. intraradices (Gi) or mock-inoculated control plants at 8 wpi. dw, dry weight; WT, the wild type. (C) Percentage of contribution of the mycorrhizal pathway to P uptake at 8 wpi in the control and mutant RNAi lines colonized by G. intraradices. The SE refers to three to five biological replicates, and each biological replicate consists of a pool of two plants. Bars with dissimilar letters are significantly different at P < 0.01 after one-way ANOVA (paired-sample t tests were performed with Bonferroni adjustment).
Symbiotic Pi Uptake in Rice 9 of 16 rice PT13 gene, despite high mRNA and protein levels (see Supplemental Figures 6A and 6B online) .
To investigate the association of PT13 gene activity with the mineral status of the plant, wild-type rice was grown under increasing Pi, nitrate, and sulfate regimes. Marker genes were selected, namely, the Pi transporter PT6 (Paszkowski et al., 2002; Ai et al., 2009) , nitrate transporter NRT2.1 (Orsel et al., 2002; Araki and Hasegawa, 2006) , and sulfate transporter Sultr1.1 (Rouached et al., 2008; Kumar et al., 2011) , and their suitability to mark starvation conditions was confirmed in noncolonized roots of plants cultured at low, medium, and high concentrations of the respective mineral (see Supplemental Figure 7A online). PT11 is a well-established and highly specific marker gene for monitoring arbuscule development (Gutjahr et al., 2008 ). An induction of PT13 gene activity in response to changing fertilizer conditions would thus result in diverging expression patterns from PT11. However, fertilization of rice plants with increasing amounts of Pi, nitrate, or sulfate did not result in detectable levels of PT11 or PT13 transcripts in the absence of symbiosis (see Supplemental Figure 7A online). Roots inoculated with G. intraradices showed high levels of PT11 mRNA in response to low Pi that decreased with higher fertilizer Pi concentration (see Supplemental Figure 7B Real-time RT-PCR-based expression analysis of PT2 and PT6 for the direct and PT11 for the symbiotic Pi uptake pathway (A) and IPS1 and miR399j for Pi starvation (B) in mock and mycorrhizal roots of control and mutant rice genotypes as indicated. Mean and SE values of three biological replicates are shown. The fold changes in gene expression levels of G. intraradices (Gi) relative to mock-inoculated rice are depicted. As PT11 is not expressed in the absence of symbiosis, the mock value was artificially floored to 2.00E-05. Bars with dissimilar letters are significantly different at P < 0.01 after one-way ANOVA (paired-sample t tests were performed with Bonferroni adjustment). WT, the wild type.
The Plant Cell online), reflecting the well-known suppression of colonization by high Pi supplement (Smith and Read, 2008; Breuillin et al., 2010) . Also, the addition of higher levels of sulfate reduced PT11 transcript accumulation, indicative of lower colonization levels (see Supplemental Figure 7B online) and confirming recent observations in M. truncatula (Casieri et al., 2012) . Interestingly, although the increased concentration of nitrate resulted in reduced NRT2.1 expression, it did not lead to diminished fungal root colonization, as mirrored by the continuously high level of PT11 transcripts (see Supplemental Figure 7B online). By contrast, comparable N regimes led to suppression of colonization in M. truncatula (Javot et al., 2011) , suggesting differences between rice and M. truncatula regarding the control of AM symbiosis development in response to increasing N availability. The expression profile of PT13 reproduced that of PT11 throughout the experiment (see Supplemental Figure 7B online), suggesting gene expression to be tightly associated with AM development and independent of the P, N, or S nutritional status of the plant.
Marker Gene Expression Analysis Suggests Dominance of Mycorrhizal Pi Uptake also under Field Conditions
We intended to obtain an estimate of the coordination between direct and symbiotic Pi uptake pathways under field conditions. For this purpose, we compared noncolonized and mycorrhizal rice plants grown in soil from agricultural rice fields. Accordingly and to mimic standard agricultural practices, we used soil from irrigated and aerobic fields to produce low/noncolonized and mycorrhizal rice, respectively (Solaiman and Hirata, 1997; Vallino et al., 2009; Lumini et al., 2011) , without further addition of inoculum or fertilizer. The rice variety IR66 was selected for this study as it is known for its tolerance to diverse growth conditions (Carpenter, 2005) . Roots of 6-week-old plants were analyzed for the presence of fungal colonization using the wellcharacterized rice marker genes AM1 and AM3, which show an early and continuous induction during the interaction, and AM14, which is activated at later stages of the symbiosis (Gutjahr et al., 2008 (Gutjahr et al., , 2012 Mukherjee and Ané, 2011) . A more than 10-fold increase in marker gene mRNA accumulation in plants grown in soil from two different aerobic fields relative to soil from an irrigated field indicated high and low fungal colonization, respectively ( Figure 9 ). Therefore, whereas continuous submersion had reduced AM fungal inoculum in the soil, aerobic cultivation maintained elevated levels of AM fungal propagules that permitted efficient natural inoculation of rice. Next, we addressed the activity of the direct and mycorrhizal Pi acquisition pathway by quantifying the expression of the corresponding Pi transporter marker genes PT2 and PT6 as well as PT11. As expected, the expression profile of PT11 matched that of the AM marker genes (Figure 9 ), suggesting symbiotic Pi uptake to be particularly active in rice cultivated on soil from aerobic fields. By contrast, both Pi transporters of the direct uptake pathway, PT2 and PT6, were expressed at lower levels in rice plants grown in aerobic soil compared with irrigated soil (Figure 9) . Therefore, the expression profile of marker genes for the direct and symbiotic Pi uptake route are identical in two very distinct rice varieties, the japonica-type variety Nipponbare and the indica-type rice IR66, grown under defined experimental laboratory conditions as well as in natural soil collected from rice fields (Figures 8 and 9 ), suggesting an important role of the symbiotic uptake pathway for field-grown rice.
DISCUSSION
The rice PT11 type of PHT1 proteins forms a monophyletic group within mycorrhizal angiosperms that indicates functional conservation across its two classes, the di-and the monocotyledons. This group is closely related to the lineage that includes all P. patens and most S. moellendorffii PHT1 proteins, which are evolutionarily old species and considered remnants of early land (Rensing et al., 2008) and vascular plants, respectively (Banks et al., 2011) . The branch point between the PT11 and P. patens/ S. moellendorffii lineages demonstrates that these proteins share an ancient last common ancestor, supporting the evolutionary antiquity of proteins involved in symbiotic Pi uptake (Wang et al., 2010) . However, the acquisition of mycorrhizal function for the PT11-like protein only occurred after this ancient common ancestor or was alternatively lost in some lineages because P. patens is not capable of forming mycorrhizal symbiosis. Evolutionarily more recent, the grasses acquired a second AMspecific PHT1 protein, PT13, which is phylogenetically distant from PT11. Except for rice, the PT13 homologs of the currently sequenced cereals underwent gene duplication, resulting in a small gene family of two to four members. Two of the three corresponding B. distachyon genes (PT12 and PT13) are induced during AM symbiosis (Hong et al., 2012) , similar to rice PT13, indicative of a related function. Interestingly, a number of mycorrhizal plant species or families have evolved variations to the PT11 theme. Maize PT6 and B. distachyon PT7, for instance, represent unusual members of the PT11 lineage, as transcripts accumulate not only in mycorrhizal but also in noncolonized roots and leaves of Pi-starved plants (Nagy et al., 2006; Hong et al., 2012) , suggesting that these proteins play an additional role during asymbiosis. In tomato, gene Transcript levels of marker genes were determined from roots of 6-weekold IR66 roots. The genes represent markers for mycorrhizal colonization (AM1, AM3, and AM14) and Pi transporters involved in the direct (PT2 and PT6) and symbiotic Pi uptake pathway (PT11). The fold changes in gene expression levels of rice grown in aerobic (AE) relative to irrigated (IR) soil are depicted. Mean and SE values of three biological replicates are shown.
Symbiotic Pi Uptake in Riceduplication of the PT11 ortholog PT4 gave rise to PT5, an AMinduced Pi transporter with expression in the absence of symbiosis (Nagy et al., 2005) . The lack of an AM-related phenotype in the tomato PT4 mutant was therefore attributed to the genetic redundancy among its AM-induced PHT1 gene (Nagy et al., 2005) . In rice, the tight association of PT11 and PT13 expression with arbusculated cells pointed to a similar genetic redundancy of a Pi transporter as observed in tomato. Therefore, the clear functional separation between PT11 and PT13 represents a novel and surprising division of labor of AM-specific PHT1 proteins in plants. It became apparent that PT11 alone is necessary and sufficient to mediate the entire symbiotic Pi uptake in rice, whereas mutation in PT13 did not affect this process. Lack of functional PT13 resulted in the overall decrease in intraradical fungal development of either G. intraradices or G. rosea, but interestingly, in the absence of detectable alterations in Pi transfer. Thus, each of these two rice PHT1 genes is unexpectedly indispensable for the formation of AM symbioses. Mutations in either gene resulted in underdeveloped arbuscules, suggesting deficiencies in signals that coordinate normal expansion of arbuscules. According to a previous hypothesis (Javot et al., 2007; Oldroyd et al., 2009; Yang and Paszkowski, 2011) , symbiotically delivered and acquired Pi might itself serve as a signal for the plant for the reprogramming of cortex cells, which is necessary for the proper formation of the sophisticated arbuscular structures. Moreover, spatial discrimination between the acquisition of Pi ions deep inside the root cortex and at the root peripheral cell layers might be necessary for the plant's decision to enter and support symbiosis. The PT11 mutants phenocopied M. truncatula deficient for PT4 (Javot et al., 2007) , which is in line with both hypotheses, implying a general and, thus, possibly ancient regulatory mechanism of symbiotic interaction associated with active Pi acquisition.
However, our functional studies on rice PT13 demonstrate that extrapolations across plant families or even species cannot always be made. Although intact PT13 is necessary for arbuscule development in rice, it is unlikely that PT13 encodes a functional Pi transporter in the plasma membrane, as revealed by our experiments in plants and yeast. Instead, it is more probable that PT13 plays a central role in symbiotic signaling that directs developmental decisions in symbiosis. There is a growing body of evidence for the importance of environmental sensors related to nutrient transporters, the so-called transceptors (Holsbeeks et al., 2004; Thevelein and Voordeckers, 2009 ), which include not only transporting receptors but also their nontransporting close homologs. Both types could be represented by PT11 and PT13, respectively, and only their concerted action might allow for the full culmination of the symbiosis. The role PT13 plays in this process is still enigmatic, but it might be involved in monitoring ambient Pi levels at the periarbuscular interface, which is needed for adjusting arbuscule development to maximize harnessing the desired mineral. In the absence of PT13, development of arbuscules terminates prematurely due to the lack of a stimulus that is required to reach maximal expansion. Interestingly, the level of PT11 mRNA present in PT13-deficient roots seems to be constant relative to wild-type roots. Therefore, in PT13 mutants, constant PT11 gene activity could account for stable rates of symbiotic Pi uptake.
Finally, our study demonstrated that mycorrhizal rice receives more than 70% of its overall Pi via the symbiotic pathway and therefore largely depends on the AM symbiosis. Dominance of the symbiotic Pi uptake route was molecularly confirmed and demonstrated to similarly occur in field soil-grown rice plants upon establishment of AM symbiosis. Also, the dicotyledons flax, M. truncatula, and tomato, when living in association with G. intraradices, received most of their Pi via the mycorrhizal route . However, maintenance of this dominance in members of the genus Oryza is particularly surprising, as they evolved from a semiaquatic ancestor, well adapted to anaerobic growth conditions that are nonpermissive for efficient colonization by the aerobic AM fungi (Barea, 1991) . Furthermore, generations of intentional breeding of rice varieties, including Nipponbare and IR66 used in this study, targeted improved plant performance under anaerobic paddy field conditions, generally well supplied with Pi fertilizer. Yet, even these modern varieties depend on AM fungi or Pi uptake under aerobic conditions, which is achieved by the single functional and evolutionary conserved Pi transporter protein, PT11.
Currently, rice varieties adapted to aerobic conditions are becoming favorable alternatives to irrigated lowland rice cultivars due to their tolerance to less intense agricultural practices and water scarcity. The data presented in this study enhance our understanding of symbiotic Pi uptake in rice, which might be directly relevant for the development of rice cultivars better adapted to a low-input rice agro-ecosystem.
METHODS
Plant Material
The rice (Oryza sativa ssp japonica) mutant genotypes used in the laboratory study arose in the cv Nipponbare background. Homozygous seeds of the rice insertional mutant line NG6473 of PT11 were obtained from the Rice Genome Resource Center of the National Institute of Agrobiological Sciences, Japan (Miyao et al., 2003) . Segregating seeds of the PT13 insertional mutant (RdSpm1154_3.1) were provided by the Department of Plant Biology, University of California, Davis (Kumar et al., 2005) . Experiments with field soil were conducted with the O. sativa spp indica variety IR66.
Plant Growth Conditions and Inoculation with AM Fungi
For standard laboratory conditions, rice seeds were surface sterilized and inoculated with 200 aseptically grown Glomus intraradices spores or Gigaspora rosea purchased from Biorhize (strain BEG9) as previously reported (Gutjahr et al., 2008) . Inoculated plants were grown in a phytochamber with a 12-h day/night cycle at 28/22°C and 60% air humidity. The plants were regularly watered for the first 2 weeks and thereafter fertilized every second day with a mix of one-half Hoagland solution containing 25 mM Pi and 0.01% (w/v) Sequestren Rapid (Syngenta).
Nutrient Regime Experiment
After 2 weeks, the plants were supplied every second day with a mix of one-half Hoagland solution containing a low, medium, or high concentration of Pi, nitrate, or sulfate (see Supplemental Table 1 online) . Increasing nitrate and sulfate regimes were applied in the presence of low Pi.
Quantitative P Uptake Assay
The compartmented pot design followed the protocol by Smith et al. (2004) , where the root plus hyphal compartment (RHC) consisted of 12 of 16
The Plant Cell a plastic bag-lined pot, containing 910 g of growth medium. The hyphal compartment (HC) was a small plastic vial, containing 59 g of the growth medium and capped with a 25-mm nylon mesh at both ends. The growth medium in both RHC and HC was a 1:1 mixture of sand and low P irradiated soil (10 kGy, 10 MeV electron beam), which was mixed with basal nutrients and 10 mg KH 2 PO 4 -P kg 21 (Pearson and Jakobsen, 1993) . N was added as 30 mg NH 4 NO 3 -N kg 21 at the start of the experiment. Supplemental N was added periodically during plant growth, to provide an additional 90 mg N per pot by the end of the experiment. Soil for the HCs was well mixed with carrier-free H 3 33 PO 4 to provide 187.8 kBq mg 21 bicarbonate-extractable P (Olsen et al., 1954) . Sufficient water was added to bring the soil to a water content of 0.16 g per g oven-dried soil. Two pregerminated seedlings were planted per pot. Dry sand inoculum of G. intraradices was mixed into the soil in the RHC of mycorrhizal pots only.
Field Soil Experiments
Soil was collected from fields that had been continuously irrigated or were maintained in an aerobic state for many years at the international rice research institute field station (Metro Manila, Philippines). Pregerminated seeds of IR66 were surface sterilized as described above and transplanted into the respective soil conditions. The plants were grown in a glasshouse for 6 weeks and regularly watered without fertilizer. Representative root samples for gene expression analysis were harvested in triplicate from individual plants at 6 weeks.
Root Staining and Mycorrhizal Quantification
Roots were stained with Trypan blue, and mycorrhizal colonization was examined and quantified with a modified gridline intersect procedure as described (Paszkowski et al., 2006) . Images were taken with a Leica DM 5000 B microscope equipped with a Leica DFC420 camera. Images of roots stained with WGA were taken with a Zeiss LSM 710 NLO with a Zeiss AxioExaminer Z1 microscope and two-photon laser at an excitation of 960 nm.
Monitoring Tissue Phosphorus Content and Radioactive Phosphate Transfer
At 8 wpi, total dry weight was determined on subsamples of root and shoot tissue. For monitoring P concentration and specific activity of 33 P, dried ground material was digested in a solution of nitric and perchloric acids (4:1, v/v). Total P concentration in the digest was measured by the molybdate blue method (Murphy and Riley, 1962 ) on a Technicon Autoanalyser II (Analytical Instruments Recycle). Digests were also analyzed for 33 P content in a Packard TR 1900 liquid scintillation counter using the scintillation cocktail Ultima Gold (Perkin-Elmer) and corrected for isotopic decay. The percentage of contribution of the mycorrhizal pathway to total P uptake was calculated as follows: 100 * (SA 33 P plant/SA 33 P HC) * (P in pot/P in HC) * (HLD in RHC/HLD in HC); SA refers to the specific activity, P is bicarbonate-extractable P, and HLD is hyphal length density. Based on previous studies with G. intraradices (Smith et al., 2004) , it was assumed that HLD was similar in the RHC and the HC.
Identification of Insertion Mutant Lines
The Tos17 retrotransposon mutant collection (Miyao et al., 2003) was screened by PCR and an insertion 226 bp upstream of the start codon of PT11 was identified (see Supplemental Figure 1A online). For 59-rapid amplification of cDNA ends, the Gene-Racer kit (Invitrogen) was used according to the manufacturer's instructions. The transcriptional start site was placed 84 bp upstream of the ATG start codon (see Supplemental Figure 1A online). For PT13, a dSpm element (Kumar et al., 2005) was found to have inserted into the first exon of PT13 at 88 bp downstream of the start codon (see Supplemental Figure 1A online). Insertions into PT11 and PT13 were confirmed by PCR amplification (see Supplemental Table  2 online) and subsequent sequencing.
Generation of Constructs for Promoter-GUS and RNAi Rice Lines
The 39-untranslated region (UTR) region of PT11 and PT13 was amplified (see Supplemental Table 3 online) from genomic DNA of rice roots and cloned into the pENTR/D-TOPO vector (Invitrogen) for subsequent introduction into the Gateway-compatible pANDA vector (Miki and Shimamoto, 2004) . For generating the concatameric double RNAi construct, the 39-UTR region of PT11 was subcloned into the pGEM-T-easy vector (Promega), digested with NotI (Promega), and ligated into the pENTR/D-TOPO vector containing the 39-UTR region of PT13 at NotI. Finally, the fragment containing the 39-UTR region of both PHT1 genes was introduced into the pANDA vector. Segregating rice transformants were genotyped by PCR (see Supplemental Table 4 online). From five to 10 independent transformants, the line exhibiting the strongest downregulation was selected for further analyses.
A 1967-bp fragment of the promoter region of PT11 and 2000 bp of PT13 (see Supplemental Table 3 online) were subcloned into the pENTR/ D-TOPO vector and cloned into a Gateway pHGWFS7.0 vector containing an enhanced green fluorescent protein-GUS fusion reporter gene (Karimi et al., 2002) .
Rice Transformation
The rice transformation protocol was adopted from Sallaud et al. (2003) and Toki et al. (2006) . Briefly, scutellar calli were generated from mature seeds of wild-type rice cv Nipponbare. Callus production was induced, maintained on N6D media, and kept in the dark at 30°C. Three-week-old calli were incubated with Agrobacterium tumefaciens EHA105 containing plasmid DNA. Transformants were selected by keeping the calli on N6D media supplemented with hygromycin (50 mg/L) and carbenicillin (400 mg/L) in the dark for 3 weeks and then transferring them to PRAG media for 5 d. Resistant colonies were transferred to regeneration media.
RNA Extraction, cDNA Synthesis, RT-PCR, and Real-Time RT-PCR RNA extraction, cDNA synthesis, RT-PCR, and real-time RT-PCR were performed as previously reported (Gutjahr et al., 2008) . Briefly, RNA was extracted from 100 mg ground root tissue with the TRIzol reagent, and residual DNA was removed by treatment with DNaseI (Invitrogen) following the manufacturer's instructions. Reverse transcription was performed using Superscript II reverse transcriptase (Invitrogen) and oligo (dT) primer. The absence of contaminating genomic DNA was confirmed by performing a control PCR on RNA not reverse transcribed (-RT). Realtime RT-PCR was performed as described (Güimil et al., 2005) with genespecific primers (see Supplemental Table 5 online). Transcript levels were normalized to the constitutively expressed Cyclophilin2 or Ubiquitin gene and displayed as a function of Cyclophilin2 or Ubiquitin expression.
Histochemical GUS, Vital, and Polyphosphate Staining Published reports were followed for GUS (Scarpella et al., 2003) , vital (Schaffer and Peterson, 1993) , and polyphosphate staining (Ezawa et al., 2003) .
Phylogenetic Analyses
A BLASTO search (Zhou and Landweber, 2007) using the keyword KOG0252 (inorganic Pi transporter) as a query was performed to retrieve the PHT1 sequences of Physcomitrella patens, Selaginella moellendorffii, maize (Zea mays), sorghum (Sorghum bicolor), and Brachypodium distachyon from the Phytozome v7.0 database (http://www.phytozome. net/). The identified sequences were downloaded from GenBank. Phylogenetic analyses were performed under both maximum likelihood and Bayesian inference. The software PhyML was used for maximum likelihood, and the phylogenetic trees were reconstructed using the JTT+G model of amino acid evolution. Confidence in the topology reconstructed was assessed by running 1000 bootstrap replicates. Bayesian inference was performed with the software MrBayes using the JTT+G model of amino acid evolution. Four heated Markov chain Monte Carlo chains were run for 50 million generations, and the full analyses was repeated twice. The convergence of the Markov chain was assessed by checking the model parameters and priors in the software Tracer.
Heterologous Protein Expression in Saccharomyces cerevisiae
PT13 was expressed under the plasma membrane ATPase (PMA1) promoter (vector pDR) in S. cerevisiae strain pam2. Yeasts were cultivated in SD medium with 7.4 mM phosphate. Transport studies were performed essentially as described (see Supplemental Table 6 online; Dohmen et al., 1991; Rentsch et al., 1995; Martinez and Persson, 1998) . For immunoblot analysis, the open reading frames of PT13 and PHO84 were transferred into vector pDR-Sp-GFP6 (Daram et al., 1998) . Total protein was extracted according to Komarova et al. (2012) , and protein was detected using anti-green fluorescent protein antibodies (Invitrogen).
Accession Numbers
Sequence data from this article can be found in the GenBank/EMBL databases under the following accession numbers: Os03g05640 (PT2), Os08g45000 (PT6), Os01g46860 (PT11), Os04g10800 (PT13), Os03g05334 (IPS1), Os04g04750 (AM1), Os01g57400 (AM3), Os11g26140 (AM14), Os02g02170 (NRT2.1), Os03g09970 (Sultr1.1), Os02g02890 (Cyclophilin2), and Os06g46770 (Ubiquitin).
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